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THE MC-MENTUM SPECTR '4 ' '('3(C RAYS AT 3. KILONZTERS

1.. IN? -2.)-'TIQN

Early In the history of the study of cosmic r~sis it

became obvious that the rad9t".cr. ;uld be separated Into two

components d:ffering Ir t. . .4 of their penetration. This

phenomenologioal :sti-otion case about from the following

experiv'tal considerations. It was known that in the measure-

.tnt of the Intenelty of cosmic radiation the introduction of

a few centimeters of lead absorber would decrease the intensity

markedly. After about ten centimeters of :ead had been plaeed

on top of thie apparatus to filter the r-.ation it was found

that the rate of decrease of oosemic ray Intensity with further

absorbing materials quite abruptly decreased in magnitude.

44, "The remaining radiation was little affected by the Interposi-

tion of further absorbing natewl.als. It thus appeared that

there were two distinc; cwponents, a soft or noupenetratU4

sompoont which could be removed by about ten ocnlmters of



2

lead and the hard or -,enetrating component which was little

affected by fairly large quantities of lead absorber.

A great deal of -ork was done or, the soft component in

the early stages of cosmic ray investigatilon, I was discov-

ered th. rbe soft component consisted essentially of electrons

artd low energy gamma rays in a cascade process. Both experi-

mental and theoretical investigations were undertaken during

t";.e 1920s and werr fairly successful In explaaning the gross

effect,. Although even to. av a quantitative theoretical treat-

ment of the soft component which completely explains the

cascade process is lacking, the high order of success attained

in a semi-quantitative way by the theoretical treatment mndi-

gates that at least the basic por .lon of the problem has been

solved. It is to be expected that further refinement in

experimental te.n nque will require a more precise theory.
4

Work on the hard component has proceeded at a much

slower rate until the last few years, At first the hard com-

ponent was considered to consist of very high energy gamma

rays. Their ability to penetrate large amounts of absorber

might thus be explained. Some investigators found evidence

. for supporting the view that the gamma rays making up the hard

component had essentially discrete energy levels and that the

absorption coefficients for the bard component yielded to a

natural interpretat ton based on the method of formation of the

high oney gomn ray.



The discovery of the meson added a new intierest to the

field of cosmic rays. The work of Neddermeyer and Anderson (1)

showed quite conclusively that mesons were extreme~y penetrat-

ing &Ai had sufficient energy to produce the effects attributed

to the "-ard component. The fact tla&t melons underwent a decay

process with quite short half-life further complicated the

problem.

A more detailed study of the hard romponent yielded

the fact that no existing remon theory could acc1nt fc. tbo

experimental evidence, Investigaticn of penetrating showers

and their rate of decrease through the atmosphere gave an even

larger discrepancy with theory.

Postwar research has led o th# notion of a nuclear

cascade process. This is a process in which nucleons travers-

Lng the atmosphere undergo collisions in a cascade type of

reactton. The collision of one nucleon with a nucleus produces

several more nucleons and other penetratlig particles, such as

meson&, which go on to form a hard or penetrating cascade In

order to understand this nuclear cascade process a great deal

of Information regarding the meson intensity and the nucleon

intensity as functions of momentum had to be obtained. The

number of nuclenns -at sea-level was known to be quite small,

so th&at, although several investigators had experimentally

determined the momentum spectrum at sea-level, little use

'0 OW OS V" 1"o'mstioa With regard to noalear



cascade processes. Se-ue latitude work bad been done, primarily

by Anderson (2) and by Rall (3). Hall's work, however,

Involved the determir.+ tn of an integral range spectrum,

Prom tb,, by assuming that all of the radiation wl-th which he

dealt wvs mesonic, he computed a momentum spectrum for his

altitude of observation, namely, 14,000 feet. As w2.11 be

considered in the discussfon, the work of Hall raised more

questions than it answered. It was thought that, because of

the necessity of making assumptions ooncerning the nature of

the radiation In determining a momentum apectrum, the deter-

mination of this spectrum by Hall might be In error. The

difficulty with Hall's work becaw' even more pronounced when

it was realtzed that, for such a ,ectrum to exist, a large

amount of low energy mesons would have to be produced In 0

region between 14,000 and 15,000 feet.

All work concerning the rate of meson production done

at that altitude and higher yielded production rates far

t smaller than that required by Hall, Since the rate of produo-

"''- -n remons undoubtedly ls directly connected with t

* nucleon flux, the faet that Hall's spectrum required meson

.* production almost necessitated a large nucleon flux, in direct

Scontradiction to the assumptions he had made. It was essen-

tial, therefore, that a direct determination of the momentum

spectrum be made, one that involved no assumptions concerning

MWe particle$ InVelved. TRis is the basic objective of the
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present experiment, Obviously, a cloud chamber in a magnetic

field Is the choice of instrumentation.

The only direct exp :.mental measurement of the

momentum spectrum with altitude which had been dnP in suffi-

@lent detall to warrant conslderatcn was that of the Cal-

i1ornia Institute of Terhnology group in 1947 at 30,000 feet

(2)., Due to the great difficulty in flying a magnetic cloud

chamber, the entire field of data consisted of only 250 meas-

ured tracks. In order to settle the question of meson produc-

tion and the momentum spectrum at high altitude it is necessary

to carry out a rather lengthy program utilizing a magnetic

cloud chamber at as high an altitiide as possible Snre It was

vital to obtain as large a field f data as possible, aircraft

observation was not considerec practical. With this limitatiou

thn, it appeared that the best which could be done was to

make extensive measurements at about 12,000 feet

The experiment which is the basis for this disserta-

tion, and which was performed in 1948, had as its objective

1,P d *t wination of the momentum spectrum and some -

observatlons on the nucleonic component. It was felt that this

experiment was perhaps the most significant experiment which

could be performed with the existing equipment in order to

advaae our uderstanding of the hard component of cosmic rays.
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II. 1:XP3IMUTAL APPARTUS

The expertmental apparaus used 4n obtaining the basic

data ft% this investigation can be conveniently 'i:-*ded into

two par'-, (1) the cloud chamber and auxiliary equipment ner.-

essary to make It function, an (2) the equipment reiessary to

produce and maintain the magnetic fleld. The equipment asso-

elated with the cloud chamber must include some means of event

selection and a control unit for conducting the sequence of

operations necessary to operate a cloud chamber The magnet

which nroduces the field in which the chamber Is located

requires, In addition to a d-c generator, a cooling and tes-

perature-control system to prote(+. the chamber from temper.'ure

gradients and fluctuaotiMn A somewhat more detailed account

of the units used to perform these various functions will be

included in th next £ew paws.

A. Cloud Chamber

'te cloud 4homber used in this investIgo*,A 'rts .. ad

a half inches deep and seven inches in diameter with a useful

Illuminated depth of about one inch, In order to keep the

necessary air gap In the magnet assembly to a minimum, the

*" expansion mechanism Is not mounted on the back of the ohamber

+ •as is usually the case, but instead is placed outside the

ipet Stwt W &04 ad oMwo*te4 t* he osmbesr by a en-inch



brass tube two Inches 'n dlamete!, Pl te I shows the cloud

ohamber, Including the oonlweting tube, with all the parts

in their relative assembled positions Jtst prior teo essemt, y

The pa'-s shown, from left to right, are as follows: the ten-

inch bi 'as connecting tube and bick wall; the brass baffle

K'ate; the velvet, which Is normally stitched to th'e brass

baffle plate: the glass #ylinder, which forms the wal! of the

chamber; the brass ring whiich seats the "0" ring gaskets and

also acts as the positive retur-n for the rlear.ng field; the

glass cover plate; black masking paper to define the diameter

of the chamber; and the end retaining ring The chamber ''

held together by studs which are i'.,rewed into the stud hclea

along the outer portion of the b: -k wall and extend througn

the end retaining ring The nuts on the end of the studs then

pull the retaining ring down and compress the "0" ring seals.

R! ,;' the chamber has been assemb'ci w:th the backing plate

and expansion mechanism (not shown), the chamber Is evacuated,

and the nuts on the ends of the studs may be further tightened

without danger of cracking the glass

The expansion mechanism utilizes a neoprene diaphragm

which acts as a movable separator between the chamber gas and

the backing air. The chamber is expanded by exhausting the

backing air pressure to the atmosphere through a "pop valve,"

the amount of expanainn being determined by the position of

an adjustable bao" plate which defines the total notion of

the diaphrep aa, hence, the total Increase In the volume of

rI



PLATE I. THE COUD CHAMBIER BEYORf. ASSEMBLY

Now
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the chamber, The "po ) valve" Is nsen .'.y a plunger whi~h

has a plate about an inch In diameter on its end Thds plle

closes a hole in the brass plate which, c)nlines the backing

air prpfture The "pop valve" plate :1s hell in )%jit:on

against the force of the backing R1- by a solenoid which acts

an the plunger When the hold'-ng current is released the

plunger Is accelerated by the pressure differential across

the plate, and the valve opens Since It is essential to have

the valve operate quickly, the total mass of the moving ele-

ments has been kept as low as possible.

The chamber Is filled with a mixture of argon gas 4.nd

the saturated vapor of a 60-40 n-'ropyl alconol-water mix',-e

to a total pressure of 1.8 atmosr -res.. A backing air pressure

six pounds greater than the filling pressure Is used. The

electronically operated "pop valve" is found to open within

about two milliseconds after trIggering, and from the track

width (0.5 millimeters) and the minimum delay time after

expansion before tracks can be photographed (0.02 seconds),

the expansion time can be computed The e-mate made on the

basis of the above data is a total time for expansion of 0,01

seconds. It has been found that, if the chamber is photo-

graphed about 0.05 seconds after expansion, the droplet size

Is sufficient for easy measurement of track curvature, but

that not sufficient time has elapsed for turbulence in the gas

C flow to produoe spurious ourvature.
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The Introdu,-t.',n o! tre two-in,:1. ',n.ecting tube

between the chamber and the expansion mechanism in this Ehamber

pr-Auces a structure resemblIng 4 $]rh tz osc1.!tor.o The

sudder. "lease of the backing ;ir pre3&1.r,, And :he resulting

movement of the neoprene dlapbragw wnIc.b :ncreaves the volume

'1" the expansion side of the chamber, shock excites the reso-

,,ator, and the presaure of the gas in the chamber proper thpn

'srie3 with t1me in acco~rdance with a dampel oscillation. As

originllv set up, the oscillatory motion was not critIcally

damped, and the small ,verexpansior of a portion of the gas

resulted in the formation of a dense white fog, which com-

pletely filled the chamber after i few expansions, making "t

unusable. If the condensation ce ters formed by the over.-

expansion had disappeartd before the next expansion, no dif-

ficulty would .have been en:.cuntered, but this was not the case.

* "7 adequate explanation of thi.s phenomenon has been given.

In order to increase the damping, and thus eliminate

ine large overshoot, the connecting tube was loosely packed

with copper wool. The amount of wool d~d *ct seem to be par-

ticularly critical, but in the experiment only enough was used

to eliminate the overexpansions; had too much been used, the

expansion time woulA have increased, giving broad tracks which

are difficult to measure. There is almost no background fog in

the photographs of the -hamber, and the chamber is sufficiently

stable to need adjustment no more often than once daily.

I



Plates 11, 11', and Tv ;ie ei.la.gem;,nts of .loud

chambex pictures from the thirty-five-mllllmeter film, The

plates show a track of m':imuw ( 'crInza:.cn, a protor, and a

shower

1. lllupination and Phc. ,)grai, y

The chamber is photographed through a conic!a nole in

ihe magnet, core, The camera used for this experiment was

especially corstructed for the tak and utilizes an ektar

f-4-5 lens with a fifty-millimeter fo 2 length Te rewind

system Is electrlcall operated, and the magazine has s

napacity of 100 feet of thirty-f:vp millimeter fIlm. Th,

framing arrangemen* *ermits 450 r ctures to be taken on a

100-foot strip of fil.m Several types of film have been

tried 1he be . results so far haveo been obtained with East-

man Linograph Ortho film. This film 4s exceptionally fast in

the blue region and Is not prohibitlvely grainy. Illumination

is provided by four Sylvania type P-4340 photo-flash tubes

operating at 2500 volts and having an energy disslpation of

100 watt-seconds each per flash.. The energy is stored in a

bank of thirty-two-microfarad condensers. Each flash tube Is

backed with an aluminum foil reflector and has a cylindrical

c,-illimating lens in front of it, Th'is can be seen in Plate V,

. which shows the magnet f~ce with the cloud chamber, Seiger

tubes, and flash tubes in position. The chamber is masked so

that the illuminated depth is restricted to one inch.



ILATE II, A NMN TRACK



PIATE III, A PROTN TRACK
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PLATE IV * A SROWEJ~
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In many cloud chamber o stereosoopic

viewing is essential In experiments of this type, howevo-,

mtoreoscopi¢. viewing 1,3 nl"t s., irp,)?t'rtn Hore nne dependA

upon t .p statistical analysIs of . large number ,if tracks, and

not upon the results o'r one cr ;we unisua events, Stereo-

.opic viewing would be of help .1niy in determining the angle

tne particle makes in traversing t ie chamber The left-right

'.ngle is, of course, known, but , 'e frnt-back angle is not

The maximum angle which a --rack may have i3 limited by the

geiger counters, These are twelve inches apart and h-ave a

width of three-fourths inch. Thus, the maximum error in a

momentum measurement due to thi-s -fect  i of the order of

6 percent. The average error :- onsderably less

C. Magnets and Cooling System

The magnet used in this experiment was nriginally

intended for use in aircraft operation. This necessitated a

compromise between economical operation and weght. Elate VT

is a view of the magnet core and co11 s4eR.mbly p-Ior to as.,'-

bly in the housing. The magnet c.oils are wound of 0 23 x 0 80

inch copper buss and are contalred in a steel housing, which

also serves as the external portion of the magnetic circuIt.

The magnet weighs two thousand pounds, the weight being about

equally divided between copper and steel To achieve a field

of 8200 gauss a current of 800 amperes, giving 1.7 x 105 ampere

turns, is required. The power disslpation Is then 32 kw.
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The cooling s '.tcu, ut i 'zzs "oet. d feed of transformer

oil, The oil-flow path has been restri'ted by a system rf

baff Lei so that there ! . -in 'ow pa, a1l sura- o'

r..ppel The transformer oil is theri cooled In kn cil-water

heat ex,hanger An oil rlow .,, Thut .xty gallons per minu*e

-. used. With this method of -oollng, current denslies of

TO00 amperes per squart Inch of coppe- can be used centinu-

,',1y To obtaSn a f3eli .*" O0 gaus3, a current density of

4000 amperes per square inch of copper Is necessary

For stable operation of "_h cloud ".hamber it is neces-

sary to maintain it at a constant temperature to about -,:

degree :entigrade. In order to a heve this regulation fr-,

long periods of time, the t, mperaure control to 0.01 degref-

centigrade is requl-ed Temperature cintrol is achieved by

mainta:ning the mainet Isaemfly, with which the cloud chamber

.'s In Intimate thermal contact, at a -inst.ant temperature

With the present equipment tz;e inlet oil temperature Is meas-

ured by noting the change In the resistance of a copper co.l

laced !n the oil stream The chargA ': ' , .,- 1 resistanc.e

upsets the balance in an a-c bridge which, when amplified by a

Brown-type amplifier, drives a sp!it-phase motor controlling a

by-pass valve on the heat exchanger The valve then either

opens or closes in such a manner as to bring the bridge back

into balance,, This systom provides temperature c.?ntrel of *yle

inlet oil to 0.,01 degree centigrade.. The magnet temperature s

indicated by a second Brown-type recori.ng potentiometer suit-

ably altered to measure the changes i-n resistance of a second
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coil. Plate VII gives t.he circuit for the temperature- cnt-"-

system.

D. Uniformity of the Mavnet:c Pield

The magnetic fl.'i at. the c- iter cf the gap was 3?,-

ured as a furction of the energiziriz current by the use -,( '

flip c-:4l of known dimensions and a ballist:& galvanemetcr.

The klvanometer was callbratpd b:, reversing a known curr,-nt

thrc:igh a standard mutual Inductp-ce. It was found that the

magnet began to saturate at ratl-j low field values due +.c tt-

small amount of ferromagnetic ev.terial used in the magne':-

path. At about 8000 gaus satu,-'ion is nearly ccmplete. Y,,J

the slope of field versu.i ener., .4ng current is such that

current stability to 3 percent. aill yield field stabilltv o:

about 1 percent

In exploring the fie'c off center, a bismuth spiral

was used. The spiral was calibrated in the center f!l'f! c" tz*

magnet where the field hed p,-eviously been measured in a bas.i .

manner. The field was In.7e&Aigated for consldcrable ds'v.

both axially and along a ho-izontal and vertical diameter.

field was found to be unlcrm to better than 1 per-ent over t*1

entire illuminated volume .f the chamber.

S. The D-C Magnet Supply

For the operat*.o, at Climax, Colorado, a motor-gener-

ator set was used to supple, the current necessary to energize- r
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'he mai.net. The gene, ator has a capacity of 100 kilowatts and

i *; separately excited, compound wound machine, The generate:

cortrol circuit is givei In Plate VII The generator sg,.wod

,'orsid,-able fluctuations due to the large day-tc-nght tem-

peraturf changes and had, to be adjusted several times daily,

Th magnet current was recorded continuously, and only sheort

.m~ o variations of as much as 1 percent occurred during the

experiment.

F. Event Selection

The event selection system used in this experiment

considerably more complex than ne ary, but the initial

deign was deliberately made quit flexible so that thp un:

co-ald be used for many other experiments It uses a threefold

coincIdence circuit of the Rossi type with a resolving time of

microseconds. Four anticoincidence inputs were provided

s, that it would be poss.ble to count the cosmic ray background

r~tte in the geiger tubes of the anticoincidence t-ays durlnz a

run. It has been found that up to four Rge- tubes may be

connected to one anticoincidence input and still allow for

checking the operation of the geiger tubes by counting the

cosmic ray background rate for a reasonable length of time.

I more than four tubes are connected to a particular input.

it is difficult to tell if one of thbf gelger tubes 1s cou~ting

too high or too low, since the effect is masked by the normal

counting rate of the remaining tibes
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Plate IX showq the srbe-a.'1c .Rgram of the event

selector.. The upper left-hand corner shows the antlcoInctrenre

pre-amplifter. Four Idertic.l un-,ts are ,'.:sd !",p upper

middle qection shows the roincidence pre-ampl fl-x and the

Roc5.1 '',pe coincidence tut'e "hrw d Ien*ical units are iused

A':er amplification the anticc'"icdence pulse. are received by

the .rnticolncidence mixer and pulse shaper. After being prop-

,'r:y shaped they are then fed +c, *he anticnincidence blankng

pulse generator, which gener3i-- five-microsecond blankinrg

pulse. Unlike a univibrator, this generator can be retriggered

during a cycle, and hence there is no electronic dead time e"o

pulse rejection. The colncidncc ;ulse which was derIved n

the Rossi type coincidence c¢rc;-4 is then fed to the colnc,-

dence delay univibrator This was done in order to Insure

positive blanking of thx' cc¢.n'-idence pulse in the antlcolncl-

dence mixer. The coincidence pulne is delayed here by two

microseconds. Thus, in an event in which both the coincidence

gelger tubes and the anticoincidence gelger tubes are actuated,

the coincidence is recorded, and at the same time the blanking

generator starts. The coincidence pulse is then presented to

the mixer after a delay of two microseconds and lasts only 1.6

microseconds, Insuring that the five microsecond blanking

pulse has an overlap at both the first and last of the colnci-

dence pulse. The actu!O "C-A" mixer is of the Possi type The

pulse output cathode followers - shown st the bottom c enter

of the sahematic diagram. Sw:tching details and power suprly
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^onnections are shown at the far right.

0. Cloud Chamber Contr:) Unit

The cloud chamber control unit shown In Plate X must

provide for the following functions:

1. Expand the chamber

Turn off the clearing field

3, Actuate the flash iamps

4. Rewind the camera

5. Record the expansion

6. Sterilize the unit so that no further expansion -ay

take place until the clouO namber has recovereca

7, Provide for manually pulsi X the chamber and provide

for interlocks

The cloud chamber control circuit is of rather standard

d's48gn. In order to properly sequence the cloud chamber, sev-

eral timing delays are derived from timing univibrators. The

!nput trigger thyratron, shown in the upper left-hand corner

of the schematic diagram, delivers a Dosit..ve p~lse from its

cathode which triggers all further operations of the cloud

chamber control circuit. The first four tubes in the middle

row of the schematic diagram are timing univibrators. Their

time of operation is computable directly from the time con-

stants involved. Thus. "n the first stage, tube number four,

a time constant of 0.5 microfarada times two megohms, or one

second, produces a timing pulse of one-.second duration. The
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l~onsof''

rewind syst-em, tube nr.rrh. -1-ver. -~pason -

of the scherratic t'iad2'! urIaTr:~~

nc ale rf-ui t no-Y~ cc.rnplex~c'r

stable 1.n~rn me,-or 13 ' 1. 1 3nd

1-x, 14.y I s necessary b-(a s -)f -:, far-, j~ *F.'

. -tor Is about ten t Imes as slow wh- pt aced 1T, *

!~1io., t!-e m a g rt, I ts r i io aI p z tA1o n.

The photo - rl 4v3YL ~In-- siln n the ow-' g).b o

hundredth of e, sp.onri To tfi +' - .wj '

be achieved by ',he W~i t.f~ w . .? ~~.*

arrang-: I trL :nary f- -i i'i~ 4~

are additive. Thus. if' i iv c, f e'ev--)'1:;

sea ordc 1,3 re q,,itrel.'ir.' *w Xi . 2
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:n ar op.at.ng position The d,'.ays , .ne .hudred of

second, two hundredths of a second, and eight hian'*

--cond are then addit.ve t'. :s ant ee , , o f, r ,t

capac:'v of the timing condenser .In 1r4Aor' .- ,adr, .7

thp tim.t delay In secondf

An auxiliary high voltage supply 3s rttvi d f,- t,.e

,:pe.'ation of the photo-flash lampb SInc' th's supply

"equired to furnish 2500 volts from a bank of c.apac~ct of

128 mlcrofarads, it is an extremely dangerous unit, .in.

special precautions are necessary to safeguard pr ,.

Interlocks and special connectors have been provie4

H, The Program U, .t

Although only one r-loud chamber an! magnet wee u~e

in t.is investigation, there are actually *wc den :.-. ge

".s :hambers mounted in a common frame The eertror.- -4yr

cults were designed so that both units could be operated

.-.tmultaneoualy, either on separate experiments cr on

single experiment utilizing the two u"'l togethe-. This

feature made necessary a program unit which could be used

to interconnect the two units, if it seemed desirable.

In addition-, there are three central facillties neces-

sary for the operation of, and recording of data from, an

even", selector. In t - interest of economy of spkc, and

materials, the program unit was designed to supply thesp

facilities to both event selectors. The program unit 8cFein&7:
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1iagram , g:ver I t ,,. 47' s s upplle to the

event g,.. .. ,: gIge: rin." vnolagp, c ount g c'r-

cult for obh rr, .-y ,,.. ,",..-'. ,,-. -Ay c'ou, tlng rate of

the gj .r ,r, : rt-g 1ers 'o- recording

the '.um -..... . ,:'' ....-... - ,, c . : i, c-, nu' antlcoinci -

dence pu ,.,,",-., . ! , . ',r- s, 'n2y the gel.ger counter

volti z 5u,,:" , • ' n rerct. tn warr.ant a detailed

dtscussion

The , " '. pU, "s of the radio-

frequency type a,!(d i 3peca1v constructed coil. This

coil has a Q ,na-' -'n, wh'', ,.on.i3sts o" six sep-atp

radio-.frequer, -: - ". ',*,-z- -- i ross thilS co:l1 Also,

the f llact v ' . i ". igh voitag -ect.!f ier comes from

th!s ,'' g - v. , . ge obta !nab! -z has been

1imite, 80 thh!i. ge1g.. ! t.ibe, wli C At be d~'iaged, should

the supply accidental'y be turned too high Without such

l4miting, a max'.mum voltage of 160C volts can be obtained.

The llml"tn'ng voltage la N? volt, Ts', mte'p used for deter-

mining the voltage has a 11fftrentla1 scale In addition to a

0-2500 volt, scale This scile goes frotm one thousand volts to

fifteen 11undred volts :,. permits the geiger tube voltage to

be set withtn fivt- v.,"' juch a scheme ii invaluable when

measuring the plateal, "*rt gelger '.ube.. In order to protect

personnel, the g-iger r-lupt.cy h.. a m.ximum current output of

less than ten mill apoer . , wn1'1rh1 i ., "actor of two les3 than
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"let go" current, and : acl.+r ' 'es. than lethal

current., This Is possible because the geiger tubes require

very little current-

The binary scales used in the prograt' ur.".' are of

special design Theai r1'u!, '-,-R given in Plate X11 As can

be seen. these are pa,.kaged b::rary scale systems, and they are

constructed on an ocra1 socket base These scales are extremely

stable, and ttus far Jhave given no trouble So far *a is

known. these scales are the only binary scales which can be

constructed without the necessity of a tailoring process.

I. The Geiger Counters

The geiger tubes used in hls investigation are of

ordinary glass-envel,-pe construction with a cathode of copper

tube and an anode of fve-mill tungsten They were constructed

by this laboratory for use in these experlments The cathode

Is six inches long and has a diameter of three-fourths of an

inch. This gives an effective area of thirty square centi-

meters. The tubes are filled with a mixtu-e of 90 percent

argon and 10 percent petroleum ether by volume to a pressure

sufficient to bring the onset of counting at about 1180 volts,

and a plateau center of about 1300 volts. No measurements of

tube life have been trade, but it has been found that the tubes

need refilling after about 109 counts.. The plateau is about

300 volts long with a slope of less than 5 percent.
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::3. THE EXPE1FIMENT

A. Location and lrar.-,po"tatioin

m'his investig3tion was carrIti cut In th, fall of 1948,

*he expedlilon leaving :3,atle Augue -. To transport the

apparatus , large radar truck and trailer was obtained from

the Navy, alil the main equipment was mounted on it, The aux.

iliary equipmtnt, in'lud'ng a large squad tent for storage of

equipment, and equipment for camping were transported on a

1-1/2-trn Dodge truck Power generating equipment was trans-

ported on a 2-1/2-ton 'MC A gas trailer and tanker to be

used for transporting and storang gisollne and d.esal oil for

the generator was also taks.r, a.c 4 with two other ve%.tcles, a

1/2-ton Dodge pickup and a jeep for use in transporting small

supplle and persornel. This transp rtation equipment can be

seen In Plate X'II

Al' :,ough considerable prel minary investigation with

the cooperation of the United St3tes Forest SerVice had limited

the number of possible locat!ons, the final decision as to the

location was not made until a thorough investigation by the

members of the expedlt.-,n could be made of such places as

Independence Pass (elvatlon 12,280 feet) It was finally

decided to locate on Premont Pass, Climax, Colorado, at an

elevation of 11,380 feet AlthougY not as high as Independence

Pass, the Climax Molybdenum Company, located on the pass,

offered to supply the necessary power and water in ample
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quant:.tles and, in ad-Ition, prcvided living a.,¢ommodations at

the hntel used by the bachelor miners. They also offered the

use of the machine 3hopi, Rhould extenslie repairs be necessary.

kbout a week was required to set up the q upment and

provide space in the teo for ro,,tine chL..As and repairs on

the instrumentation £re Clim.x Molybdenum Company was

extreLely helpful in getting the electrical and plumbing work

done quickly so that we cculli gel into cperatic.n without

delay. Fower was supplied fr-:9 a 44O-volt three-phase trans-

former bank, and the water supply was obtained from the main

mill water line. Sin,.e the water supply had a large pos- Iva

head, it was unnecessary to use p:mps to circulate the wat r

through the htat exckanger Fla AIV Is a view of the

location, and Plate XV is a view of the radar truck showing

the magnets and other equipment.

B. Experimental Procedure

The ultimate aim of the expedition waR to measure the

momentum spectrum of the cosmic radiation at altitude under

various thicknesses of absorber. The experimental arrangement

used Is shown In Plate XVI Geiger counters were placed above

and below the chamber, defiring a .one of about one-thirtieth

steradian solid angle and having an area of th.irty square

centimeters. The getgr-- counters were arranged so that none

of the magnet was Included in this solid angle., The coinet-

doe*. counters are shcwn at position "A." Antiooinclience
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PlATE XV. THE EQUIUENT IN THE RADAR TRUCK
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counters are 9!'OWn V -O-,O "B" and wt.re useI through about

half of the experiment in ,,rde- to eliminate showor events

Tht varlou7 tfi:cnpce ,-sorter we-r, r'! V'-d an,'ve the

upper ,,iger count, - - ,  ", :e--cent!met fr btoci r,eing dlrtly

above t r,e upper coinc 1, lt-,, o ouril-' ,and an addi t toyai 'f' teen

centimete:r bP.ng --o .bovw rhe entire as.embly,

The coinc:,ence counting rates with field on and field

off" are g vci in Tab : fo- the Lhree experiamntal arrange-

ments used.

TABLE I

'oIncidence Count !ng Ratcs r .,unlr,/send

Field No abscrb- "lead 20 em lead

off " O00 0 923

O3# 0028 0 ()?

The ratio of 2:1 of the no-absorber :'ate to the 20-cm-lead

rat.e (with the field off) is Just hp rati, 9',0e tctal to

the hard component at this altitude given by Rossi The

agreement must be in part fortiiutous, since the two-counte-

telescope used was hardly adequate for a reliable rate deter-

mination. With no absorber above the telescope the field

shows a strong effet in reducing the counting rate from 0,05

to 0,034 counts per second This re'..uction corresponds to the

large number* of low energy electrons whose momenta lle below
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i,hc magnptl,: cuoff o" thp P,-ea:pmen.t usi A As explan'ed later,

this cutoff comes at a momentum of fifty Mov,/c In the r a

of twenty centimeters ,f* I,-j :hov' tic, ,P-,ber, te m-gn.ti.r

field -' no mtesurable effeK t, IndicatIng a ! r~diAtton

passing the 20-cn .ead bl,-ck ,.eq not 'I.ntain many low

momenta particles Trnl .!5 Jr. -; ccerd with the estebliahel

notirn that pasdage through an absorber tends tc "harden" t

railation Actuallv wha' ,ap. ns Is that tne electrons are

removed by .- de showeri and tlf r-%ult:ng mesons are qulte

penetrating, hence, altho;ig the meson energy has decreased

slightly, the absence of the electrons gives a net effect v1

making the radiation more penetr". :ng,

C. Data Taking

Aft-.: , .,.'2pment was thoroughly checked, seven rolls

of f,'is (450 frames per roil) were taken with no absorber above

the chamber, and with the magnetic field at 0,0O00 gauss

After Pxamination of the ph-t.ographs, it was seen that the

chamber had considerable turbulence along its periphery. The

field was reduced to 8200 gauss, and turbulence effects were

found to be negligible The remaining thirty-two rolls of

film were taken at this reduced field strength, Fourteen rolls

were taken with no absorber above the chamber, eleven with five

centimeters of lead atvi: the chamber, and only sever witr.

twenty centimeters of lead above the chamber. Througcut the

experiment the magnetic field was occasionally changed In
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direction so that any %symmetry In the r~diaticn brought about.

by the field could be checked., Data also were taken with and

without the antico r.cier.ce cir-,ult to check Its Pffec.t.

No real "lifficulties were enrountered ex, p, for a

two-day -lust storm and the ,nevitable snow near the end of the

stay at Climax., The final thirty-two rolls of 41.lm were

xposed in the thirty-two days from October 5 to November 5,
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Several met hndi c, oo fei-~r u"

been uq4 r' va'tu ,,,'9  rs A method Pm.'ly, I, by

Anderso,' using a ravelirg mc.'scope in which the ccor_i1-

nates at various pol'-s along &r-! arc are teaured 3nd 'iset to

compute the curvatur. I,, quite t1 ie consuming, and not partic-

ularly adapted t(O +b'P masure'rnt cf - large number (-,f trae'ks,

such as one Obtains In the measurempnt of the momentum sp=-

trum An rptical method, due originally to Blackett I;),

although capable of yielding quite preclso measurements of

track curvatures, Is not useful w', curvatre,- ,'* small *-'.U,

and. hence, Is unuabe fo,- ,- I er momenta obtalned in tr'z

InveStita14;,,. -ri tP ,rL'Prpst of simplicity, but at the

expense oi de.r-ase,! r.:ut-n at thre high momentum erd of

the 3pectrum, a comparison T-thod was chosen for measuring the

track curvatures in this experiment.

In order to compare the cloud chamber track wi+h

standard arc, a machinlst's h!ench compar'. w-sR alte-ei BO

that the 35-mm photograph '.auld be proeiecde on the ground

glass screen. Plate kv/;n is a picture of the comparator as

altered for this use/ A f-1]m carriage was provided for the

comparator as ve s a eag1s for moving the film hoidtr %o

that the pro/' .ted trq.clr rould be rotated to i bori7,:rtal

position n the screen. rhe entire optical ayatem was suc'h

tat P1,e projected iu ge waA the slz-, of the (loud cramber.New
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The, t

I dardj rc usied as t.b., , r O"'par, &Ai~ w~r
scribed uI

. 8izp p . ite glass ct-ited wth A v., The

rhe C ;1.: length' - i' -h~f~i

c: a m4(.vi~ruur rodc': ." .aV- '!' ,' thb~rty #e:.;t e-.':< 'he

pp-ux1mAtr,n of t..rh .I2.'cal az.. to that of a !rri-,

good wlthr ± p "e'.' r to.I r . lun. , "":r' tur. two

_af r'~s w,:'- C r'bd. scpu',- T,j r- distance nf '.7 -l',ter.

nh w.- the track whcst- VLire wa, tc be meas,.tred cnuld

be centered between tbe two aft s, ".-l hnce could be .be

along Its ent.re length. 1!. .- ,: is used, - E;.: -

f Icult to observ. rbe t csw:! s s fit unless the a:-c is

placed over t , .- ack t,: )-- measured. and then, of cour;Ie,

the tr .-Y . vT : . ,

Twenty-four stan.-ai' ar,:3 wcre used In t":, analsts.

ranging from 0 3 to 10 meters radius The ra,1.al ineremen"

between surcesalve arcs was nol oonstant, but increased in an

exponential fashion except at the smallest rsi*i of 'ur%,4t1u'E.

Since the curvature of a track can be either very r1ose tc one

of the standard arcs, :cr can lie in between any twr of them,

there are forty-nine pisRIbilitie; for a particuiar measure-

ment. The curvature ;nd Its Sign were r!?ccrded for all tracks

meeting selection cr,.a descrl.V" elsewhere.

In order to make the measureFents independent of' tho

optical enlargement, ,-nmparison ar.s w-re pre.pared from the
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standerd :urves throug~h th..- :t.querce cCOe:8at±Ons feilowed

in obtaining the projected =mage of a cloud -chamb~er trmck

Thus, the standat' air-1 weree ±Irst photcgraphed unaer condl-

tions --valling when~ photoaraphing the chamber. The resultinlg

35-mm r,ati-sa was thei- pro.j.ected in the comparator, exposing

a photographic plate placed In the position normally occupied

by the ground glass Rcreen. Since the sequence of optical

operations had. becr the same-e for the comparison curves and the

cloud chamber photographs, -io frther information regarding

the optical system was nece sary for a track located In the

center of the chamber and h-sving a positive curvature.

Each step in the pr ocess outlined above was thoroughly

checked so that systematic erro-~ could be avoided. Several

of the standard arcs eribe d on the Aquadag-coated plate glass

were examined by means of a-. traveling microscope to Insure

that the Evans linkage syst.;em was o~perating properly. Also,

the optical system was examined to be sure that a straight

line remained a straight 11 ne and that there would be no dif -

ference in the measured val-ue of a trsr'- 4 it were turned over

So that it had a negative cm-urvature rather than a positive one.

In order to check the consistency of the measurements

a group of several hundred tracks were measured by several

different observers. The 2Mndividual results were then plotted

2against each other As obsn4Wssa and ordinate. For perfect con-

sistency all points should have been on a line of slope one

pssing through the origin-. In the actuaal plot a symmetric
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distrlbuclon about th's line wa obtained, which indicated a

cons.litency of better than 10 percent for curvatures less

than about three and a half meters, becoming propress1velv

worse --. higher values, until at ten meters the error was of

the order of three meterr.

The radius of curvature of a particle is related to

Its momentum by:

p = 300 B r,

where p is the momentum in electron volts divided by the

velocity ,f light, B is the magnetic induction in gauss, and

r is the radius of curvature in c~ntimeters The field

strength used In this Investigat'.-n was 8200 gauss, and hence

a curvature of one meter may be taken as corresponding to a

momentum of 250 Mev/c.

4.

!0
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V SELECTION OR TRACKS FOR CURVATURF MEASUREMENT

In order to eiminat , e soft componert frov' the

moment',y" spectrum as nearly as possible, only thost, tracks

which jccur-ed singly In the chamber were used. Tracks which

were accompanied by obviously post-expanslon or pre-expansion

tracks, however, were not excluded A few singly occurring

tracks were not at suf1i an angle as to definitely indicate

counter conr1. Such tracks were not included. The fact

that very few such tracks occurred Iidicates that the majority

of tracks were counter controlled and, because of the geometry

of the system, could not have orIgInated in tne ch.amber wall

or surrounding materlal.

About 6(- perce' , ,f all pictures taken showed singly

occurring ra, .s- Because of the large number of tracks

Available, only the longest (fifteern centimeters out of a

possible seventeen centimeters) were chosen for measurement.

About 70 percent of all singly occurring tracks were this long

or longer. Thus only tracks long iLnn ; "  , '- good curvature

measurement were-used, and those pass~ng close to the chamber

&M subject to large turbulence distortion were avoided.

The subgroup of particles thus selected should not be

different from the total body of data, and tracks measured

form a distribution re;;nesentative of the non-electronic radi-

ation. In most air showers not more than one electron would

be expected to be incident on the small cross-section of the
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chamber (thirty-five _:quare cefiwmeters& However, the chamber

wall and the upper getger counter constilute onlv a small

f"action of 6 radi4.ti 1r2g,. d Ati..t.nce in wl', - , A very

fast e-'.tron loses a fract!,:n ( e , of jti '_''gy by
'adiat! :. and an ele," ,.,. i' rot. in general initlate an

electron shower in pass;nig tY.'c, ugh 1h'o Tus, wtth no

abs,roer abvt- the charler. iarge numbers of singly occurring

low energy ele(crons will be Incldded. On tht other. hand,

wlt.- five eeritlmeters C'f lead above t.e chamber, electrons of

energy sufficient to -. netrate ''.e absorber have a high prob-

ability of iniziating a cascade showei and will bc rec.cgn:-d

by the multipl.city of particles .,¢J2::rng in Lhe cha --b-

This Is clearly shown t, -, rht c se f-oip tlie resulting data.

One further pre a,, ion was taken. It sometimes hap-

pened that '.tt tne end of usability of a particular chamber

fillirg the cfdmber would go out of adjustment slightly

between observations, giving rise to tracks which were not

sufficiently dense to measure easily. In this case either the

whole roll of data was rejected, or, if thne n,,mber of tiacks

thus affected was not large, a complete block of exposures

including all those of doubtful quality was eliminated. In no

aase were single frames discarded.

Now
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The t.wofold , :'.eric.,? .rlgg rIng arrangement wlth

,ount.a" ,,,ve andl be4ow toe chamlber has the el', of dit-

crimIna Ing ugaInst low ,rne,''i, p)rtlcO3 beInw !.he minimum

Looentum a particle qi#l oo s: ,ev-irely curved that no matter

what the position of entrance, or the angle made with the

vertical, the particle w.i1 not bt able to enter the lower

gelger counter. In orde" to estimate the effect of the mag-

netic cutoff and obta-in the magn,,wd, of the effecst for par-

ticles having momenta higher than the minimum momentum

required, this effect was c oinpu - A gxaphla1 me.Ilca o"

computation was used whirn tcook o account the length

criterion of ";.rack seaca'cr as well as the counter geometry

used. :n it ',rrp.t3.±c: ;t was assumed tnat the magnetic

fielf ,l.(tended to the ccunters In full ,trength. Actually, if,

the two inches between the counters and the chamber the field

decreases quite rapidly. It was further assume, thaL the

d!iributlon in zenith angle obeys a *.-e 2 law. A decrease

of intensity with zenith angle less than (cosine) 2 would

result in a smaller effect for the magnetic cutofr above the

minimum momentum, whi±e a more rapid decrease in intensity with

zenith angle would give a larger effect, The latter cas'e,

however, ras a small p-obability for the relatively low momenta

considered in the computation.
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The results o' the com statiorn show a complete cutoff

at 50 Mev/c. The transmission rises rapidly, so that at ?10

Mev/o the decreas, 1-i inuerij s1t: :_ only 1( percent, and at. 150

Rev/c "'e ati.eua Aon is ne~lIgible., The momentum spectrum

found w:tn no absorber above the chamber, In which many low

energy electrons are present, shows the effect of the magnetic

rut o if at the predict.ed momentum and constitutes experimental

verification of the analysis. Within the statistical uncer-

tainties involved in determining momentum spectra, the

observed intensity above 100 Mev/c is considered to be

unatected by the magnetic cutoff.

I
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In th.- stu y ,? ,: ' ,: -D p.m-r:, ._ t t ahsolute

ntens - o" ' , '.. ,rnponent s o" the rad- .on play a

role ,,. r-" 1u', r I '. ' .'c.,u e c ,teris ty of a partic -

uar Ip.)heit Is U.. ,' g as the flux of par .,. es of

that Zomponert in pai-cIls per 3econ'i passing through a

au,.-Ia,-e of oa- squar- ...rteinetv: per steraellan for an Infin-

itesimal .oli_ angle The data cf an exper!ment are usually

converztd z,-. absoIute ' nrlti by computing a normalizing factor

for the experimental a-r'angement and then multiplying t.-

countirg rates by this no'rma' 0zt r, ;actor to arrive at

invtenslies in vbsclalt i

The limensions ,Df h- rate-determInIng elcments u3ed

in tnis ap." .n. la t: Ap f,0lowis:

Area of gviger colnt.ers 30 sq cm

Mean distance between countt rs 30 cm

Thus the area Is tulrty sa'iare centimeteri, and 'he so!id

FArigr: I+:Iuded Is ons -thlrt ieth t, ~ : '. -.,rmallizatilon

fa,tor for the equipment is then about one (steradian cm

Since the estimatlon of the effectivPe area of a gelger counter

in subject to errors Inv.-vIng the end effect and also the

mean path length of a arricie t.hrough the counter whtc , con-

tributes to its effl+r, v, a direct measurement of the

effective area of' 6 smal ,unrer is difficult, Thus a second

normallzailon method ,jks explored 4 11, the coincidence



4

telesrope used Ir tbh lnve 's .n h~i. c!!y two elements,

the countinp, rates obtained with it cannot be -ompared dire:tly

with pubilcied ,>,, ct ' ':x ha-d compnrenr Intenit t tl:Is

aitit 1 ' f~'±s _ trut- because a twofold coincidenc-e train is

not at I e:fec.ve t:, z eJecting showers, especially at

high altitudes.

From n analysis of the y.eld it has been established

that 57 percent of th.e picturs:; taken with twer'.y centimeters

of lead absorber above tie chmiber were of singly occurring

particles. Thus, 51 percent of the counting rat. of the coin-

cidence telescope under twenty centimeters of lsad cor'es~p-ds

to the counting rate of tne ,ard ,mpon-o-t when f"ltered

through 232 gm/cm 2 of lead. By 0 finiticn, the hard componert

is tha 'adiatlon wh.cr hA3 passed through 16,7 gm//cm 2 of lead.

In ord t - D c,,mpar- tnr ,.o.nt!ng ri.e obtained under twenty

r-y,,11Pcers of lead with the established inter5lty of the hard

component, it Is necessary .o consider the correction imposed

b *.he additional Rbsorber used in this experiment, The

addl.lonal ixty-five ga/cm2 of le.l v quvalent of

about forty-two gm/cm of air. The altitude of Climax, Colo-

rado, is 3.4 kilometers, and the atmospheri- depth is 680

2m/CU . The additional five oentimeters of lead used, then,of/c Tedhse, h

should be equivalent to forty-two gmicm' cf air, giving an

atmosphevic depth equ,,qlent to 720 ga/cm + The counting rate

at this atmospheric depth for the har'd component is given by

-2 -l i  2  T
Mosel as 1.22 x 10 counts per second steradlen cm .The
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results of this exper..ient, when corrected f.or a fifty-seven

percent yield show a counting rate of 1.3 x 10.2 counts pc,:"

second. The normaliz-iton ac'ei' tnus obtained Is .94 3ter 1

cm "ne normalization obtained when using the dita for

five certirmeters of lead gives very nearly the same x esuIt,

but because of the iarger corr:'.tlon necessary to convert the

"'ig re to at, %quivalent absorber of 167 gm/cm 2 Is not consid-

ered to be as accurate - , r the twenty-centimeter data.

Since statIstical uncertainties in the cot:iputatAon are of tbe

order of 5 percent, the normalization factor may be considered

to be unity. This vaiue has been used in computing the

spectra of this investigation.

NOW.
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VUT ! i $ 'ULT S

A. A Method of Tai-ia' , .4r : - _ - 11,t ' -,g

''he Pxperim >.' ; t re, measuremlent !'f .racks, and

the cr'",rl a f r tra ,;, t itor. ,ak be,:n give'n Of the

total nir'-.r of - only about 4500 were of sufficiently

good rc alty for measurement Three thou3and of these satis-

ftI P -. 0 11 t, requirements cite-I earlier, t.hese being equally

dliv! d between the nn-absorber case and the case of a five-

ce meter lead absorber. Tne measured values ¢U 'he traeks

f,', a particular case were grouped according to the sin ("'

tn_ charge of the particle pro.ju. -,.g the track Th-s was .ct

simply the sign of tkhe cur'va-ure i ,uiewed In the compararnr

since the magnet! ,- .e'_d w,.,.i reversed several times during the

ccurse ,:,f '-.e :uns -. cn possible asymmetries caused by

the flield. The sign oi the part1'-l 5, as deduced by the

direction of the magnetic field, was checked by an in3pectien

of the bigns cf the particles producing an ion!zation *:, 'nslty

well :N,'e minimum ind havirg a mcmentum ,-mmensurate with

that of a proton with such an lontzation density. Such tracks,

as will be seen later, ca be attributed entirely to protons,

and hence have on-ly a positive sign-

In plotting the data for a differential momentum spec-

trum the intensity is .ven in terms of particles per unit of

momentum, or, if normalized to absolute units, the int.ens:ty

Is given in terms of tne flux of particles per unit area, per
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unit time per unit go id ang , per ,intt ef momentum. Mechan-

ically the computation is made by dividing the number of

particles In some moment-m Iniva] by t.,e magnitude of the

interv- ' expressed In t.'+. o," the unit of momen u 'hosen,

and the. mu2'lp y nb ;-- ipprnr7,:ate normaltzing factor wbich

tykes int) acccu.. countirg rate of the event studied, the

nrmter of pi.cturei exmlaned and the dimensions of the event-

selec nng pa t c the apparatus The data of this investiga-

tion tiere obt3il.ed in te-ms of railus of enurvature instead of

mow-itum, and hence the following equation gives the intensity:
T FN
r =Fr

unere r Is the radius increment it meters, N tsa number of

particles in the interval, and F i)e normalizing factor. In

all cases the no-ma!iz!ng factor has bee" computed to give

-1 -1 -2 -I
the Intensity in particles .ec ster cm (Bev/c)

Many methods of plotting the data hal,, been tried, the

most successful one being a simple, non-overlapping plot. The

statistical uncertainty at each point is kept small by choosing

a rather large interval containing in *he nrder of 100 pa--

ticles. In order to keep the statistics fairly uniform in

terms of their percentage variation, no attempt has bean made

to take equal Intervals of momentum, The uncertai.ntles shown

in the plotted points of the spectra are the statistical

uncertainties and do r.,, reflect the other sources of error,

such as the uncertainty In momentum measurement
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As indicated -griter, *er .r'. .ota& ,! forty--nine

intervals i,lto which a particular measurement may fall, net

counting the sigi A curvae'.-O was -ecc-ded as bing equa.t to

the curvature of a standard ar-, if, when compar.' w'th the

set of standard arcs, :t wis Judg.d to .,e closer to that arc

than the nean between rhat arc and the next The tabulatlon

of res,4lts then consists of counting the number of particies

of a iven sign Judged t..i tiv curvatures falling in each of

the forty-nine categories. Sirce the particles grouped in a

divsion corresponding to a standard arc (hence not Judged as

Iv.ng between two standard arcs) are about evenly distribute

about the value of the standard r, it is assumed that r,:.

lie above the value and half belc This concept is impor-"'

only at the value of ten meters, and in tabulations concerning

particles of momentum rt*'t -h)an 2 5 Bev/c ten meters

radius of curvatire) half of tiose particles inc.3uded In the

ten-meter group of the actual tabulation will be considered

to be greater than ten meters. The tabulation of the actual

data is given in Table TI for both tbp no ebsorber case and

the five-centimeter-lead-absorber case.

B. The Momentum Distribution

With no absorber over the chamber, a total of 15U1

tracks were measured, 1(,64 havlng a momentum of 2.5 Bev/c or

le. Including all tracks whose sign could b~e determined,

there are 767 positive particles and 543 negative particles.
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However, large nuwber of ele,t-ons hay. ten included in this

case. and the ratio of positive to negative particles nas

little signifIcance becase 'f tIe d:i>._,-n by t-. electronic

compoU, .. A plco. of t1- tota! field of data, i1:- ludtng parti-

cles of -"oth n i .n've,. In Plate XIX. The data for the

no-absort'?r sper r wc "re giver in Table 111. The normaliza-

tion fr ;tor. :omputed for this case is 0.163 ster1 cm 2 .

With five '.v2. Lmctr-r "f ad abovve the chab-r a total

of Vi )A tracks were measured, of whicb 943 tracks correspond to

par-:cles having a momentum of 2 5 Bev/s or less lhe positive

ex .ss for this case is 1 5 t 0.1 for particles lying ir Ure

momentum interval fifty Mev/c to 3 5Bev/c Tht. poslt,.Ve

excess for all particles, Includ1g those with momenta greatr.-

than 2.5 Bev/c, is the same within statistics. Since the dis-

tribution of p,;si..ves and ngatives Is of interest, the two

w.re plotted together on fte same graph and are given in Flate

XX. A plot of both positives and negatives is given in Plate

XIX where it can be compared with the correspond-ng plot of

the no-absorber case. The data for the f!ve-cen,,imeter-lead

case are given in Table IV for the positive and negative par-

ticles, and for the combination in Table III. The normaliza-

tion factor for this case Is 0.,142 ster cm

The case Involving twenty centimeters of lead above

the chamber contained OnJly a third as much data as the othe:,

two cases, and, furthermore, the exposures were made on Eastman

Linograph Panchromatic film, which proved to oe too grainy for
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good omtcntum measuxc-* eYt T fy-. plot cf tzw e data iS not- too

meaningful statlstically, but, so far as can be tnId, the

distribution does not d' + %ppreclably from tthat cbtained

in the 'ive-centtmeter -",'

C Heav'.Ly Ior.? ig rartici'+cL

In mea3urtng the curvature of the tracks, a number of

track corresprnding t, particles with an Ionization density

wel! above minimum were noticed. Tn an effert to determine

th ipectrum and Identity of !he particleb producing these

t-,-,cs, all data were utilized, including the seven rol2s

taken with a field cf 10,000 gaut-i And rhnose rolls consid&red

to be too light for easy measurei nt of tracks of minimum

ionization. VTe total nJimber of singly occurring tracks in

thls field of data was also deteriln7A so rhat the relative

numbt.r of particles with an lonization well above minimum

could be established, For the statistical analysis of the

number of heavily ionizing particles present in a particular

case, no length criterion was establ be A whiile for the

momentum spectrum of the particles a minimum length of twelve

centimeters in the chamber was used.

Of 5040 slngle tracks examined for the no-absorber

case, ninety-nine, or 2 0 percent, were heavily ionizing.

Similarly, for 2 940 single racks under five centimete" of

lead fifty, or 1.5 percent, were found to be heavily ionlzing,

while under twenty centimeters of lead the corresponding



-4

62

figurt's are 1560 and 'welve, whIch 1R 0 pprcen, o- t

heavily ionizing tracks for the three cases, ;!l b-t th-ea

sh.., a direction o!*'u~v~tU~ e '~"rning tc, e

partic-lp moving Jownwari.

The datJ for o.n zIng particles twelve

"entimete-s long or longer of )'oth the no-abserber r sse and

the fi, .- centimeter-lead-absorber case are given In Table V.

Slnc _.wo field strengirns were used, the curva'ure had to be

aonv :-ted to momentum before summing the particles, and thus

the "ata are given in terms of the number of particles found

in , particular momentam interval. Plate XXI is a plot or

these data The distribution had 'Pon drawn t.c zero for the

lowest momentum fourI for any hea- iy lonizing particle.

Within statistics the momentum distrlbutions for those heavily

ionIz: ng particles found undtar no absorber and five centimeters

of lead do not differ, and thus the two are plotted together to

improve the statistics and to show the low momentum cutoff,

which, as will be shown later, does not depend upon the nature

of the absorber above the chamber. in ordc- to show the Ioni-

zation density of the protons in the range of momentum consid-

ered in Plate XXI, the ratio I/Im has been plotted as a second

abscissa. This is the ratio of the Ionization density of a

proton as compared with minimum ionization
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ABLE .1I

TABULATED DATA FOR POSITIV'r. AND NEGATVE PARTICLES
OF THE NO-ABSCRBER CASE AND THE 5 CM LEAD CASE

Radius of Curv.
in Meters No Absorber C.aae 5 cm L, id Case

Positive Negativi Positive Negative

.316 1i 5 3 2
3.6 p ii 1 0

4 4 1 2
,400 13 7 2 0

7 10 2 3
.515 7 71 2

1 0 1
,,583 7 11 1 1

2 1 3 0
.661 9 13 '4 1

3 2 0 1
.751 16 10 2

4 1 3 1
.852 12 7 24

1 1 42
.966 6 5 6

4 1 5
1.09 9 7 4

1 2 5
123 9 12 5 5

2 2 7 4
1.39 13 11 13 2

7 6 2 3
1.56 6 10 9

7 4 9 5
1.74 16 15 18 5

7 3 5 2
1.94 16 13 16 19

8 9 3 2
2,16 12 20 14 6

15 2 3
2.42 19 11 13 9

9 11. 13 6
2.73 20 6 19 11

~16 855
3.08 15 11 24 12

13 11 11 3
3.51 22 12 27 17

17 10 21 9
4.06 7 33 16

15 9 22 10
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TABL 1 '1outrued)

Radius of Curv
in Meters No Absorber Case 5 cm Lead Cap

Positive N'gqt.ve FO81.1ve 9t-

4,.81 27 -.2 28 ?
3,9 i± 24 19

>8r 14 '4) 20
-F' 32 23

7 ; 48 26
2.4 15 28

10.00 98 49 79 70
Lo.O0 98 85 90 88

TAbLE I

THE DISTRIBUTION IN MOMENTUM FOR PAPTICLES OF BOTH
SIGNS FOR THE NO ABSORBER CASE AND THE 5 CM LEAD CASE

Momentum in Mev/c 5 cm Lead Case No Absorber Case

40 7 -. 12.6 2.5
160 41 5 1 5, 3.3
315 19 1 2 1 30 2 2.9
465 24 2'. 32.3 3 0
655 6 7 26.0 2.2

S18. 1.? 18. 1.8
12140 1J4.8 1.0 Ti~ 1.1
1980 9.3 0.6 2 0 5

!.ABLE IV

THE DISTRIBUTION IN MOMENTUM FOR
POSITIVE AND NEGATIVE PARTICLES FOR idL 5 CM LEAD CASE',

PosItive Negative
Momentum in Kev/c Particle* Particles

0 - 1.6 --- 0.9 ---
160 6.1 1.2 .2 1.0
315 10.6 1.5 9,5 1.4
465 14.9 1.8 9.6 1.5
655 11.0 1 3 6.6 1.0
890 .2.7 1.3 6.2 0,9

1240 . 0. 5.9 0.6
1980 5., 0.6 3-.6 0.1
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,rABLE v

HEAVILY IONIZING TRACKS UNDER
NO ABSORB3ER AND 5 CM OF LEAL. ABSORBER

Momentum Range In Bev/c Number of Particle*

0.00-0.25 0

0.24-o-30 7

0.30-0 35 12

0-35-0.5"

0.50-0-t05 39

0.65-0.88 27

1.00 10
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TX DISCUSSION

A. Momentum Distributiorn

The momentum dlstrlb, .ons Obtal-rt (1 Ir this cast aI"e

Interes"ing in -hat tnpv a.e Intermediate In altitude and, when

compared m1th other similar measurements, permit a reasonably

clear _nterpretatlon of the variations itl the mesonic and pro-

tonil.: compone,'s of cos,-rc ra's. Momentum disrributions from

magrn-ic cloud chamber mea.'Arements at sea level and at 30,000

fee, have been given by Wilson (Reference 6 Plate XXII) and by

Adr.;s, Anderson, et a (Reference 2 Plate XXIII). In tle rase

o:f Wilson's sea-level measuremen._3, sufficient absorber was

placed above the shamber to fnsr cascade multiplication of2

electrons, which could then be eliminated by 01scard-rng events

in whi'rn rvre han one part i le appeared The distribution

obtained by him may be considered to consist essentially of

the mesonic componenL, since It is known that only few protons

are present at sea level. The result obtained for the five-

centimeter lead case in this investigatlon is very similar to

that found by Wilson. It can be seen that the peak of the

rather broad maximum of the distribution occurs at about the

same point (500 Mev/c for th!s work And 750 Mev/c for Wilson's)

and that the rate of decrease at higher momenta Is comparable.

It would thus appear tht the momentum spectrum has not been

altered much In the increase -n elevation between these two

observations, even though the present work does contain a

fairly large number of protons.



-mex

'4W

IU

Jh

ZS
wI

elm



4

-AJ

LLI z
a. 0

cr 0 V)
a- 0

FU _ - z
ZL<U

0 0

S0lnAvurt

N0 3U

NNWJ



-4
70

Since the data of this investigation do not extend to

high momenta as in the work of Wilson (6), Jones (7), or

Blackett (8), It Is Impossible to deduce tre form of the

decrea- of intensity with momentum beyond the maximum as Is

done by these irvestlgarcr3 for thc sea-level spec.trum. It Is

possible, however, to get some idea of what such a spectrum

might .e from a knowledge of the total number of particles

ext -Ing from 2.5 Bev/c to Infinity. rhe results of this

inverigation show that the fraction of particles represented

by ie integrated intensity beyond 2 5 Bev/c is 36 percent,

whereas Wilson finds 43 percent. There is no dIfference

within statistics, and it is the! not too Improbab2e that the

form of the spectrum Is very nea '.y the same, even at much

higher values of momenta.

The momentum spectrum obtained by Adams, Anderson, et

al at 30,000 feet is much different from that obtained here.

The very large number of particles found by these Investigators

in the low momentum end of the spectrum Is undoubtedly due to

the presence of large numbers of elect-^"s, since no absorber

other than the chamber wall and the upper geiger tube was

present. The experimental conditions are almost exactly those

prevailing in the no-absorber experiment of this investigation,

and their momentum distribution should be compared with Plate

XIX of this work, in which large numbers of electrons at low

momenta are also found.
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The main difference between the two spectra then occurs

at about 500 Mev/c (magnetic rigidity of about 1.7 x 106 gauss

centimeters). At this poit, ;ithough both investlgations show

a peak. the one obtained at 30,000 feet 1R much iharper and Is

confined to tne posltlvs particles. In the 3.4-kilometer

,iata, however, t.ie peak occurs in both the posttive and the

regatie spectra At 4 kilometers this peak is interpreted

as be ng due to mesons, but such an interpretatlon cannot be

valit" for the 30,000-foot data Since the peak occurs only in

the jositives, and since the cutoff at the low end is quite

at';pt and is at a value of momentum just necessary for a pro-

ton to pass through the cloud cha,tber and trip the lower 0,.Iger

counter, the natural Interpretat! n is that the peak represents

large numbers of fairly low momentum protons which, without

the Instrumental cutoff, mignt well have extended. to even lower

momen'ta. The cloud chamber used in the investigation at 30,000

feet had a rather large brass casting at the bottom and thus

presented a large amount of absorber. The protons with just

sufficient momentum in the chamber to penatrate to the lower

geiger counter do not have an Ionization density sufficiently

above minimum to identify them by this means.

The positive excess computed from the 30,000-foot data,

though not statistically meaningful, appears to be considerably

In excess of that found at the lower altitudes. If the inter-

pretation of the peak found at 500 Mev/c as being due to pro-

tons Is correct, then a large part of the increase In positive
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excese noted at A0,00,.1 feet can be att.77bue,i to the protons

It is conceivable that It is all due to the protorne c omonert.

The only momentum apect.rum cr3.3ting of a sufficirently

large 1-11y of data, and hence bYv~ng sufficient letall to be

comparer wil t.- present wo-k, and done at a nearly equivalent
altitude Ls that obtalned by Hill (3), PlAte XXIV. t IS dlf-

ficult however, to compare Hall's counter-telescope result

"Jc .ly wtth the mageti, cloud chamber results Hall's work

was onducted at 14,000 feet and consisted of determining *he

int-..<ral range spectrum by use of lead absorbers and geiger

counvers. This Integral range spectrum can then be tra-sf':.-med

to a differential momentum spectra t by assuming tnat ll -

ticles represented have the same -,ass Hall assumed that al:

of the particles contrl.butlng to the measurement were mesons,

the el ct-.-s rav-nrg be. e>Imlnatet in a direct manner at the

larger ranges, and a correction factor computed for the lower

ranges. As can be seen from Plate XXIV, the spectrum obtined

by Hall has a large number of low momenta particles and shows

a rather sharp maximum at 200 Mev/c. Sinwe the position of

this peak is of importance, a rather detailed discussion of

possible errors Is given below.

In the measurement of an integral range spectrum for

the non-electronic component, the greatest difficulties are

encountered for small r~rge, where electrons cannot be elim-

Inated easily. Hall employed a special experimental arrange-

ment in order to obtain the small range portion of the cu.ve
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more accurately, but 'yen so, large corrections had to be made

to eliminate tne effects of showers and electrons It is thus

quite possible that consldeabl- numberA of electrons were

includpi in the small range portion of the integral range

spectrum, and it is in Just thts region that the differences

between the spectra become pronounced.

Further, Hall had to assume that all of the particles

contafned in his integral range spectrum were mesons. This

was known not to be valid, but the number of protons was

thcught to be so small as not to affect materially the trans-

fcrmation. If there are comparatively large numbers of

protons present, and they are transformed from range to

momentum on the basis of the rang -momentum relationship for

mesons, the intensity which they contribute is displaced to

lower momenta, and thus they give a larger contribution to a

smaller momentum band than they actually occupy On the basis

of the proton intensity and its probable composition computed

in this work, there does not appear to be a sufficient number

of protons to account completely for the differences observed

in the spectra. It may well be, however, that considerably

more protons are present at the higher elevation. This seems

plausible when considering the vast -Inorease found by Adams,

Anderson, et al at 30,000 feet.

The momentum spectrum obtained by Hall is extremely

unstable where its variation with altitude is considered.

This sugests that a large amount of local production is
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contributing to the 9. son peak observt.e t' th!3 were so, it

does not seem reasonable that the production should drop

abruptly to unnoticeab. p-opvrtions in the Interv:i from

14,000 feet to ii,0u@ feet rhis hypothesis is Tr.Adc almost

untenabie by the later work of Carr, S h ein, and Barbour (13)

!n which, from c'servations at 18,000 feet, they estimate the

production necessary to yield a spectrum compazable with

Hal-, . They find ttLat the production must be equivalent to

fourieer percent of the mesonic radiation able to penetrate

ter "ertimeters of lead at their observat.on point, Such a

hiwr production rate .s not found by them at 18.000 feet. and

since the spectrum at 11,000 feet does not show the large

quantities of lcw energy mesons ' served by Hall, It must be

concluded that If the answer to the anomaly resides In local

low momenta meson p-oducticn., it is limited to an extremeiy

narrow layer of the atmosphere

Of all of the possible reasons for finding a large

number of low momentum particles In the computed transforma-

tion, the most appealing is that a sufficient number of

protons with a range-momentum relationship vastly different

from that of mesons, especially at Just the low momenta con-

sidered, are present, and hence the entire difficulty lies in

not knowing Just how many protons are contributing. The

discrepancy can be almost acnounted for by a prctonic component

having an Intensity of about 25 percent of the mesonic radia-

tion. Further evidence gathered by this group In a later
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experiment supports tie idea that protors are present in this

abundance.

A comparlsor of the spertrum obt. ined at 3..4 kilometers

under -1 absorber and under five centimeters of .'al is of

interes becausp of the poasibIlity for investigating the num,-

ber of e].ctrons which are Included in such an investtgation

when eectron removal is not assured by a cascade process. As

can v- seen from Plate XIX, which Includes both spectra,

elec'.ons are included up to about one Bev/c. There is no

pai .cular reason why electrons of higher momenta should not

alsoQ be observed In the plot if they were present in tte

radiation, and hence it can be aaiumed tLat the electronic

component has a quite small Inter ity when compared with the

mesonic component for momenta above about one Bev/c.

R. Positive Excess

Much interest has centered on the question of the

excess of positive particles over negative in cosmic radiation.

It is of primary importance, since such An excess in the

mesonic component offers another experimental check point on

meson production theory. Many observers have measured the

positive excess at sea level. Jones (7) and Hughes (9) using

a cloud chamber method found 1.18 + 0,.08 and 1.29 t 0,05

respectively. Using a magnetic lens Brode (10) found a value

of 1.32 t 0.02. Conversi (11,12) has obtained values near

these using both a magnetic lens and a delayed coinoident.e
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scheme. The rather w' !e sprrad (cf dat., ror.siderlng the

errors quoted, is probably a reflection of the geomagnetic

latitude as well as the d:'le:e ,t merod3 of me3sarements,

At higher alt.itides, v(ry little data Is 4vallable,

and, in general, the n~gh-.titud qata, du, to the difficul-

rips of n-,?asuremnnl , &uffer from rather large statistical

uncert lntle3 Anr'eson has found a large Increase in the

posit ve excess wi-.ry Increasing 711titurle, the most slgilf-

icar Irdication coming frotm the work at 3O,000 feet The

pre-.nt work confirms the incr ise in positive excess with

increasing altitude

Plate XX shows the momenim spectrum "or b, t pc;.'t!ve

and negative particles as found 3.4 kilometers under fiv ,

centimeters of lead A- can be seen, there is no definite

trend of .:arlatlon of pos ive exccs% wilth momentum The

oos~tIve excess of 1 5 - 0 1 is -omputed for those particles

having a momentum lying between fifty Mev/c ai.1 2,5 Bev/c,

As explained previously, almost all electrons have been

removed from this spectrum.

It is difficult to understand why the ratio of positive

to negative mesons should vary with altitude. It is thought

that the mu mesons have no appreciable nuclear Interactions,

and hence the spectrum at one altitude sioull be computable

from that of anothe- as'i.tude with no asymmtry between posi-

tive and negative particles. in particular, the transformition

from 3.4 kilometers to sea level involves a momentum loss of
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about 600 Mev/c for p ,rt'clcs of hgh momenta and a decay loss

which varies with momentum, becoming inappreciable at momirt;,

of the order 1.5 Bev/c and hlo:r:' r Pi .t ir.- upper portion

of tht momentumw spectrum of PEite XX should then t,-. Able to be

transformed to sea levtI i. simply shlf'ting the abscissa by

Rbout 6Or Mtv/c. However, it Is known that the positive

exc-ss in a region from one to two Bev/c at sea level is about

1.3, Nrd one must trius conclude that:

Oi there is production of large numbers of negative

mesons in the Interval

(b) the positives are-preferentially removed, or

(c) particles other than meso- a, involved.

The first hypothesis is u rnablt- because of the lec-

of appreciable productlon found at higher altitudes, and, of

course, i1 wcId be hard "o understand why there should nud-

deri.y be an excess of negatives over positives in the produc-

tion, when at higher altitudes the reverse was true.

Although there is an asymmetry in the decay time of

the meson between positive and negative morons, this occurs

when the meson Is essentially at rest, and, of course, is the

other way around, with the negative meson showing the smaller

effective half life.

The last hypothesis appears to be the most probable.

It is known that thera ire some protons present at the higher

elevation, and only a few at sea level. The removal of pro-

tons from the spectrum can be understood on the basis of their

naclear interaction. For the shower-producing raliat on (at
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least a part of whick ts protor.'-' Coonn (14) finds a mean

interaction path length of about 120 gm/cm 'rb' layer of .-.

abeorber traversed by a paril.-e 'rom ''.' elevafion at C]:trnx

to sen '-vel is equal to abo 4," three suet. irteractlon lengths.

If each tnteraction remvs the proton, or leaves it with

!nsuffic'ent ranco to traverse the absorber (as would be the

case w.th protons of momenta approximately two Bev/c), then

the ; oton intensity should be reduced by about a factor of

ter On the other hand, the hard component Is found to

de, -tase by only a factor of two

If for the moment It be considered that the mesonic

component at sea leve has a post::'fe excess of 1.3, and ts

is constant with Inc easing altit ide, then at 3.14 kilomi-tez.

there would have to be an intensity of protons equal to 8 per-

cent of the t.otal hard component 1ntns1ry in order to account

f"ir a positive excess of I .i Since in this Irvestigation it

was found that the recognizable protons constituted about 2

percent of the total radiation, it is not at all impossible

that another 6 percent are present, but n'annot be Identified

because of a higher momentum, and hence an ionization density

nearer minimum. In fact, It Is not at all unreasonable to

suspect that a small portion of the sea-level positive excess

can be attributed to protons.
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C. Protons

Plate XXI gives the distribution in momentum or h~av4,'y

ionizing particles, ,otb'rfng c, o.e ,(a-'*vd under no absorber

and ur,r five centimet ers o,' ",ar, Only those "-'.ks dis-

tinct.y more dense Tha:r the Fver,,,,- -ur. )f tracks were included

ill this rlot, A.thoui, the se-c.tion was of necessity quite

arbltr,-y, it wa.s found that for particles having a momentum

a. -, ian 06 Mov/c. several different observers agreed almost

aoso utely on thoae tracks to be Included. As can be seen

frc Plate XXI, this value of momentum corresponds with an

it-zation density of about three times minimum. Although the

group of heavily ionizing tracks was selected on the bas1s Qf

track density alone, it was found that all but three had a

direction of curvature ,orre3pondtng to a positive particle

moving dowiwbr.".. .htus gt:v'r, added credence to the Interpre-

tation of these tracks as protons

The remarkably sharp cutoff at low momenta Is an

Instrumental effect. Since the events were selected by means

of counters placed above and below tfe chamb#.r, a particle had

to go through the lower wall of the chamber and enter the lower

geiger counter in order to be observed. The mass of absorber

represented by the apparatus was computed and found to be

equal to 1.2 gm/cm2 of aluminum. From this the proton cutoff

was found to be abou* ? 0 Mev/c. No heavily ionizing particles

were found with momenta less than 250 Nev,/c, again verifying

the assumption that the particles being consldered are protons.
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It can also be conclu' d T1at, 11' par" , " o " an Int.ermediate

mass of the order of" 500 to 1000 el.ctron masses are p-etrit

they must represent tn ext --t..,v s mali t ractIon ,! tne intE-n-

sity of radiation at ,!ils iu tude.

Tn orde" to t(,tnpt'.-. the c-,rihatin of protons to the

total Intenslty, it ran oe asaumed that tny region 350 to 500

Mev/c '% unaffected by either low momentum cutoff or by failure

to re ,ignize the protons because of a low Ionization density.

The -itensity of protons thus found in the Interval 350 to 500

Mev (- for the no-absorber case 13 10 perctnt of the intensity

of the non-electronic component found In this same mome!1.um

interval under five centimeters c lee,i. if' no produc¢! )r and

no losses other than Ionization 1 sbes are assumed for the

protons penetrating five centimeters of lead, a computation

involving the range-momenu, relationship for protons In lead

shows that some 20 percent of the radiation In a momentum band

centered at 600 Kev/c consists of protons. Thv assumption of

no losses other th3n lonizatton losses is, of course, not

valid, but it is probable that there Is also 3ome production,

and the exact contribu.;ion of protons at the higher m-.,tenta is

thus subject to large error when computed in this way.

From even the meager data available on protons obtained

in this investigation, the assumption that the relative

increase of positive p~rtlcles over negative particles with

increase in altitude is seen to be justified. If the contri-

bution of the protonic component to the radiation does not
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fall too rapidly at the higher momenta, it can be seen that

even a portion of the "normal" positive excess found at sea

level may be due to protons.
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X. SUM MARY

(1) The momentum spet.trum of ihl ri.:-!,c-tronic lonizing

component of cosmic radiation 'o- momenta b1rwe-,' ',OO Mev/c

and 2.5 Bevc ,,r. both the? positive and negativ , particles,

filtered trirough five centimeters of lead, has been obtained.

It is lound to be quite similar to the ica-level spectrum in

this :men'-um Interval. Altnougl little informatl-on can be

obtained from this work concerning higner momenta, the ratio of

parti.cles of momentum higher than 2.5 Bev/c to those below 2.5

Bev/c is the same witl,.n statistics as that a. sta level

(2) The momentum spectrum for momenta btwen '00 Mepv,"

and 2.5 Bev/¢c for the Ionizing cco ponent of the cosmic ,adla-

tion has been found with the electronic component not removed

In comparison with the spectrum in which the electronic com-

ponent has been removed, it is found that the electron

contribution extends to about one Bev/c.

(3) Fairly large numbers of protons have been found

There are enough protons at the lower momenta to account for

the increase in the positive excess from sea level to 3,4

kilometers, At slightly higher momenta it has been computed

that there are enough protons to completely account for the

positive excess.

(4) No evidence was round for a partic]e of mass 1000

electron masses, Indicating that, if present at 3.4 kilometers,

they are rare as compared with protons.
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